The expansion of trinucleotide repeat sequences is associated with several neurodegenerative diseases. The mechanism of this expansion is unknown but may involve slipped-strand structures where adjacent rather than perfect complementary sequences of a trinucleotide repeat become paired. Here, we have studied the interaction of the human mismatch repair protein MSH2 with slipped-strand structures formed from a triplet repeat sequence in order to address the possible role of MSH2 in trinucleotide expansion. Genomic clones of the myotonic dystrophy locus containing disease-relevant lengths of (CTG) n ·(CAG) n triplet repeats were examined. We have constructed two types of slipped-strand structures by annealing complementary strands of DNA containing: (i) equal numbers of trinucleotide repeats (homoduplex slipped structures or S-DNA) or (ii) different numbers of repeats (heteroduplex slipped intermediates or SI-DNA). SI-DNAs having an excess of either CTG or CAG repeats were structurally distinct and could be separated electrophoretically and studied individually. Using a band-shift assay, the MSH2 was shown to bind to both S-DNA and SI-DNA in a structure-specific manner. The affinity of MSH2 increased with the length of the repeat sequence. Furthermore, MSH2 bound preferentially to looped-out CAG repeat sequences, implicating a strand asymmetry in MSH2 recognition. Our results are consistent with the idea that MSH2 may participate in trinucleotide repeat expansion via its role in repair and/ or recombination.
INTRODUCTION
The etiology of nine human genetic diseases, including Huntington's disease, spinocerebellar ataxia type 1 (SCA-1), spino-bulbar muscular atrophy, myotonic dystrophy (DM) and fragile X-syndrome (FRAXA) have been traced to genetic variation in the lengths of (CTG) n ·(CAG) n or (CGG) n ·(CCG) n trinucleotide repeats within the affected locus (for a review see ref. 1) . In normal individuals, these genes contain 5-37 (CTG) n ·(CAG) n repeats, while increases in the number of repeats to 50-200 are associated with unstable alleles and disease symptoms (1, 2) . Explosive expansion to >3000 repeats can occur at the DM and FRAXA loci. The probability of expansion strongly depends upon the number of existing trinucleotide repeats; the longer the repeat tract, the greater the possibility for expansion. This length-sensitive probability of mutation has led to the term 'dynamic mutation' to describe this process (3) . In SCA-1 and FRAXA, the repeat tracts are normally interrupted with the non-repeat units CAT and AGG respectively (4) (5) (6) (7) . In each case, the non-repeat interruptions confer increased genetic stability to the repeat tract, such that interrupted tracts are less likely to undergo expansions. Loss of non-repeat interruptions, and hence an enhanced length of the pure repeat tracts, are correlated with instability and disease. In the case of FRAXA, changes in the repeat length are polar and occur primarily in the 3′ end of the (CGG) n tract, implicating replication direction in the process (6) . For some of the diseases, there also appear to be specific tissues as well as 'windows' for triplet expansion which are believed to occur during gametogenesis and/or early postzygotic development (1) .
The mechanism(s) of repeat expansion is unknown. Since both the length and the sequence of the genetically unstable tandem repeats are limited to only certain triplet repeats [(CTG) n ·(CAG) n , (CGG) n ·(CCG) n , (AAG) n ·(CTT) n ], it is thought that some type of DNA secondary structure may contribute to trinucleotide instability in these neurodegenerative diseases (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Spontaneous mutations in prokaryotic and eukaryotic (including human) cells frequently are associated with simple DNA repeat sequences that can form alternative non-B DNA structures (reviewed in 10 and 11). The formation of slipped-strand structures between repeated trinucleotide sequences is one possible mechanism that may contribute to expansion (Fig.  1) . Such slipped-strand structures may be formed during DNA Figure 1 . Replication slippage models. (A) Slippage of the DNA polymerase and the nascent strand backwards on the template strand would result in the formation of structures containing an excess of repeats on the nascent strand, resulting in expansion products. (B) Slippage of the DNA polymerase and the nascent strand forward on the template strand would result in the formation of structures containing an excess of repeats on the template strand, giving rise to deletion products. Both expansion and deletion processes will give rise to replicated duplex DNAs having a stretch of mismatched repeats (a heteroduplex region). The expected products (in the absence of repair) of two rounds of replication are shown. For simplicity, we have assumed that structure formation occurs only in the lagging strand, although it may occur in either strand. (C) Alternative homoduplex repeat structures may form in non-replicating DNA (12) . Thin lines represent repeat tracts, broad lines are non-repetitive flanks.
replication, and may result in both expansions and deletions of the trinucleotide repeated sequences (Fig. 1A and B) (12, 13) . In addition, slipped-strand structures may also be formed between complementary strands with identical numbers of repeats ( Fig.  1C ) (12) , as may occur intrachromasomally or during meiotic chromosome synapsis. All of these slipped-strand structures contain unpaired nucleotides and may be substrates for mismatch repair (12, 13) . Using genomic clones of the DM, SCA-1 and FRAXA loci having normal, pre-mutant and full mutant lengths of repeats, we previously have demonstrated the formation of an apparent slipped-strand structure (12,14, C.E. Pearson unpublished results). In each case, the probability of slipped-strand structure formation increased with increased repeat length. In the case of SCA-1 (CAG) n repeats or FRAXA (CGG) n repeats the presence of CAT or AGG interruptions, respectively, inhibited structure formation (14, C.E. Pearson unpublished results). These results support the participation of a slipped-strand structure in the process of trinucleotide repeat instability.
The human homolog of the Escherichia coli MutS protein, MSH2, is a member of the highly conserved family of mismatch repair proteins (15, 16) . In E.coli, MutS initiates mismatch repair via recognition and binding to DNA at the site of a mispair (17) (18) (19) (20) . The yeast (21) and human (22, 23) MSH2 protein also bind specifically to duplex oligonucleotides containing single base pair mismatched nucleotides as well as short (5-16 nucleotide) insertions/deletions loops (IDLs), suggesting that these proteins play a role similar to that of the bacterial MutS. Human tumor cell lines that are deficient in MSH2 display a generalized increase in spontaneous mutation rates, instability in simple repeat (microsatellite) sequences, and yield extracts that are defective for single base pair and IDL mismatch repair in vitro (24) (25) (26) . Mutations in MSH2 appear to account for ∼50% of hereditary nonpolyposis colon cancers (HNPCCs), suggesting that MSH2 plays a central role in carcinogenesis (27) . Furthermore, hMSH2 forms specific mispair binding complexes with two other MutS homologs, MSH3 (28) and MSH6 (GTBP/p160) (28, 29) . Although the contribution of mismatch repair to trinucleotide repeat stability in human cells remains controversial (30) , we have demonstrated that mutations in the bacterial mutS, mutL or mutH genes decrease the frequency of large deletions of plasmid-borne trinucleotide repeats in E.coli (9) , implicating a functional mismatch repair system in the mechanism of large deletions in bacteria. To address further a possible role for human mismatch repair in trinucleotide repeat expansion, we have investigated the binding of MSH2 to the slipped-strand structures expected to be intermediates in trinucleotide expansions as a model for the fundamental recognition process that is required in mismatch repair.
RESULTS

Slipped structures
Two types of trinucleotide DNA structures were used-homoduplex slipped strand DNA structures (S-DNA) (12) , formed between two complementary strands having equal numbers of repeats, and heteroduplex slipped intermediate DNA structures (SI-DNA), in which the strands have different numbers of repeats. Two genomic clones derived from the human DM locus that have identical non-repetitive flanking sequences and 30 or 50 triplet repeats ( Fig. 2A) (12) , corresponding to the normal and expanded alleles (1), respectively, were used. Plasmids were linearized by HindIII digestion, 32 P labeled (*) on the 3′ ends to identical specific activity then treated by denaturation-renaturation (12) . For the production of S-DNA, only individual plasmids were reduplexed and for SI-DNA equimolar amounts of the 30 and 50 triplet repeat-containing plasmids were mixed and heteroduplexed. Following renaturation, DNAs were digested with EcoRI, resulting in DM inserts uniquely labeled on the 3′ end of the CTG strand (12) . Reduplexing resulted in a reproducible pattern of slow migrating products not present in the non-treated samples (12) . The ethidium-stained patterns of the reduplexed n = 30 or n = 50 S-DNAs were identical to their respective autoradiographic patterns (Fig. 2 , compare B with C). In the case of reduplexed (CTG) 30 ·(CAG) 30 -containing plasmid, 39% of the repeat-containing fragment migrated as a series of closely spaced distinct products between 232 and 410 bp, with a single region of greatest intensity migrating as 287 bp (Fig. 2B ). For reduplexed (CTG) 50 ·(CAG) 50 -containing plasmid, 70% of the repeatcontaining fragment migrated as a series of closely spaced distinct products between 295 and 696 bp, with a single region of greatest intensity migrating as 370 bp (Fig. 2B) . A larger percentage of the DNA containing expanded repeat length (n = 50) formed S-DNA structures than DNA containing repeat lengths found in normal individuals (n = 30) (Fig. 2B and C, compare lanes 2 and 5), confirming a previously observed relationship that increasing length of trinucleotide repeats results in increased slipped-strand DNA products (12) .
The ethidium-stained products of the *30×50 or *50×30 heteroduplexing reactions revealed that both n = 30 and n = 50 linear and S-DNA products were formed. The two major slower migrating products and the fainter closely spaced products, that only formed in the reactions that contained both the n = 30 and n = 50 parent DNAs, are the heteroduplex SI-DNAs (Fig. 2B, see  arrows) . The ethidium-stained pattern was identical, regardless of whether n = 30 or the n = 50 was radiolabeled (Fig. 2B) . By selectively labeling the (CTG) 30 -or (CTG) 50 -containing strands, it is apparent that the uppermost major band represents the *(CTG) 30 ·(CAG) 50 heteroduplex (Fig. 2C, lane 3, see arrow) , while the faster migrating major band represents the *(CTG) 50 ·(CAG) 30 heteroduplex (Fig. 2C, lane 6, see arrow) . As with the S-DNA structures formed from reannealing single parent DNAs, there appear to be several structural isomers, with the major product presumably representing the most energetically favorable conformation. Apparently, the difference in the structures of the SI-DNAs containing looped-out CTG or CAG strands are sufficient to confer different electrophoretic mobilities to the sister heteroduplexes, with limited overlap. We previously have demonstrated the electrophoretic resolution of two sister threeway junctions of identical sequence composition (31, 32) . For both reduplexing and heteroduplexing reactions, the pattern and relative proportion of products was highly reproducible.
Each of the linear non-treated DNAs, the major S-DNAs and the major SI-DNAs were gel purified (12) . We found that the gel-purified products were stable as judged by a minimal interconversion back to linear or other forms (compare Fig. 2C with D) as previously observed (12) . However, longer autoradiographic exposures (data not shown) revealed that both the isolated SI-DNAs demonstrated some spontaneous self-association to very slow migrating products (positions indicated by arrowheads in Fig. 2D ), whose intensity varied from one preparation to another. It is likely that these represent intermolecular multimeric associations similar to those observed for (CA) n ·(TG) n and (GA) n ·(TC) n tracts (33, 34) .
MSH2 binding
A band-shift assay was used to detect MSH2 binding to each of the gel-purified substrate DNAs similar to that of (22, 23) . Under these conditions, MSH2 did not bind significantly to the linear *(CTG) 30 ·(CAG) 30 or *(CTG) 50 · (CAG) 50 fragments, although, some low level binding was observed (Fig. 3A, lanes 1-3 and 10-12, see open arrowheads) . Binding of hMSH2 to either of the S-DNAs resulted in a single and distinct shifted complex (Fig. 3A, lanes 4-6 and 13-15 , see arrow). MSH2 also bound to the *(CTG) 30 ·(CAG) 50 SI-DNA, resulting in a similarly shifted complex (Fig. 3A, lanes 7-9, see  arrow) . MSH2 bound poorly to the *(CTG) 50 ·(CAG) 30 SI-DNA (Fig. 3A, lanes 16-18; Fig. 3B ). These results suggest that purified hMSH2 binds to the slipped-strand S-DNAs and SI-DNAs. Moreover, MSH2 appears to bind the SI-DNAs in a structure-or sequence-specific manner in which there is preferential binding to looped-out CAG repeats ( Fig. 3B and C) .
Binding specificity
To test the specificity of MSH2 binding, competition assays were performed (22, 23, 31) . In these studies, the amount of MSH2 bound to *(CTG) 30 ·(CAG) 30 S-DNA, *(CTG) 50 ·(CAG) 50 S-DNA, or *(CTG) 30 ·(CAG) 50 SI-DNA was examined, when excess gel-purified linear non-treated DNAs, the S-DNAs or the SI-DNAs was introduced into the binding reaction. Such a competition reaction, where MSH2 binding to the *(CTG) 30 ·(CAG) 50 SI-DNA is examined, is shown in Figure 4A and B. We found that the linear (CTG) 30 ·(CAG) 30 DNA was a poor competitor, while the S-DNA and both SI-DNAs were effective competitors of MSH2 binding. At low concentrations (50-fold molar excess), the (CTG) 30 ·(CAG) 50 SI-DNA was more effective than the (CTG) 50 ·(CAG) 30 SI-DNA as competitor (Fig.  4B-D) . The efficiency of each competitor for MSH2 binding to *(CTG) 30 ·(CAG) 30 S-DNA (Fig. 4C ) or *(CTG) 50 ·(CAG) 50 S-DNA (Fig. 4D ) was similar to that observed for binding to *(CTG) 30 ·(CAG) 50 SI-DNA (Fig. 4B) . These results suggest that the binding of MSH2 to S-DNA and SI-DNAs is specific and is similar to the binding of hMSH2 to single base pair and IDL mismatched nucleotides. To address further the possibility that there is an intrinsic difference in the ability of MSH2 to recognize CTG and CAG intrastranded structures, we tested MSH2 binding to synthetic (CTG) 15 and (CAG) 15 oligonucleotides (Fig. 5) . We found that MSH2 bound to the (CAG) 15 oligonucleotide 4-to 5-fold more efficiently than to the (CTG) 15 oligonucleotide. This result is similar to the observed preferential binding of the *(CTG) 30 ·(CAG) 50 SI-DNA (Fig. 3B) , which has an excess of 20 CAG repeats, and suggests that there is an intrinsic difference in the recognition of CAG trinucleotide repeat sequences over CTG trinucleotide repeat sequences. These results also suggest that on either of the homoduplex S-DNAs it is the looped-out CAG, and not the looped-out CTG strand that is being bound preferentially by MSH2.
DISCUSSION
The yeast and human MSH2 proteins are required for the recognition of single base pair mismatched nucleotides, duplex oligonucleotides containing short IDLs, palindromic DNA IDL structures and Holliday junctions (21) (22) (23) 35) . Both purified proteins demonstrated a binding preference for the IDL substrates, and binding appeared to increase with increased loop size. Here, we observed significant and specific MSH2 binding to both slippedstrand S-DNAs and SI-DNAs and minimal binding to linear duplex DNAs. There appears to be a binding hierarchy with (CTG) 50 · (CAG) 50 30 linear. In addition, we found a direct association between MSH2 binding and the number of trinucleotide repeats. This relationship parallels the effect of repeat length on instability in vivo. The K D of hMSH2 binding to these trinucleotide repeat structures was calculated to be in the high nanomolar range (50-200 nM), which is similar to the mispair binding affinity exhibited by the bacterial MutS protein and our previously reported MSH2 mispair binding affinity (36) .
The structure(s) within the S-DNA and SI-DNA substrates that are recognized by MSH2 are unknown. However, these structures are likely to be somewhat different from the IDL substrates that previously were shown to be recognized efficiently by the human MSH2 protein (22, 23) . This is because the slipped-strand DNA structures formed within both S-DNA and SI-DNA substrates are capable of branch migration, which can contribute to the production of a wide variety of structural isomers. Additionally, the looped-out region(s) formed by SI-DNAs are significantly larger than that used in our previous experiments (21) (22) (23) . Several studies have shown that the efficiency and specificity of substrate recognition and correction varies with the mismatch, loop, DNA structure (hairpin, palindrome or chemical modification) and the sequence context surrounding the mismatch (17) (18) (19) (20) (21) (22) (23) 26, (35) (36) (37) (38) . These results suggest that MSH2 may recognize a variety of mispair and DNA structures with wide-ranging affinity. It is interesting to note that all of the slipped-strand structures tested here gave rise to a single similarly shifted complex. There are a number of possible DNA structures that might be recognized by MSH2 within these slipped-strand substrates and include: (i) the junction of the interstrand region with the looped-out strand; (ii) a CAG or CTG hairpin/loop; (iii) an A·A, T·T, C·C, C·T, A·C, G·G A·G or G·T mismatch(es) contained in perfectly or imperfectly annealed CTG or CAG hairpins; or (iv) the tip of an intrastrand hairpin. The binding to the (CAG) 15 and (CTG) 15 oligos appears to diminish a loop junction or three-way junction as the only recognition site since these oligonucleotides are not large enough to form such structures.
Our studies show a clear MSH2 binding preference for the CAG strand. Presumably some, as yet undefined, difference in the structure of the two looped-out CTG and CAG strands accounts 15 and (CTG) 15 . (A) Individual oligonucleotides were twice purified by TLC (SurePure, USB) and radiolabeled to identical specific activity. Binding assays were performed as in Figure 3 . DNAs were incubated with 0, 485 ng (4.6 pmol) and 727.5 ng (6.7 pmol) of MSH2. Products were separated on a 4% polyacrylamide gel, dried and exposed for autoradiography. (B) Quantification of 3-5 binding assays as shown in (A); error bars represent plus and minus one standard deviation.
for the difference in the recognition by MSH2. While both CTG and CAG DNA strands will form hairpins, the stability of the CTG hairpin is greater than that of the CAG hairpin (39) (40) (41) . We have shown previously that the CAG strand in the S-DNAs is preferentially sensitive to the single-strand-specific mung bean nuclease (12) , suggesting a greater single-stranded character of the looped-out/hairpin CAG relative to the CTG strand. Perfect hairpins formed by the CAG and CTG strands would contain an A·A and T·T mispair respectively, flanked by two C·G base pairs. In simian cells, A·A and T·T mismatches are corrected with 64 and 39% efficiency, respectively (37) . Thus, if only these mispairs in their respective looped-out stems were recognized, the preferential binding of MSH2 to the slipped-strand intermediate with an excess of CAG correlates with the efficiency of mispair correction in vivo.
Several studies have shown that trinucleotide repeat sequences are unstable to a degree greater than that observed for mono-and dinucleotide repeat tracts in tumors or tumor cell lines that display microsatellite instability (42, 43) . Furthermore, the relative frequency of insertions versus deletions differed depending on the sequence of the repeat tract (43) . Interestingly, neither the DM nor the FRAXA repeat loci displayed large repeat expansions in the MSH2-deficient human tumor cell line Lovo, although shorter instabilities of these repeats was observed (30) . These results suggested that an MSH2 deficiency alone does not cause the large changes in trinucleotide repeat lengths typical of DM and FRAXA individuals. However, it is possible for the post-replication mismatch repair process to be unrelated to large trinucleotide expansions, while the mismatch repair genes (proteins) may play a fundamental role. For example, the mismatch repair genes have been found to participate in several other DNA metabolic processes, such as transcription-coupled repair (TCR) (44, 45) and the elimination of genetic recombination between the divergent DNA sequences (termed: homoeologous recombination) (46, 47) . These latter studies have suggested that the mismatch repair proteins may be part of a system that alters or aborts recombination events initiated between divergent repeated sequences, thereby maintaining the genetic distinction of these sequences as well as the global integrity of chromosome containing such repeats. Furthermore, genetic studies suggest that Saccharomyces cerevisiae MSH2-dependent mismatch repair controls the length of a mitotic genetic recombination tract (48, 49) . Thus, the observed lack of large trinucleotide expansion in mismatch repair-deficient human tumor cell lines may not address directly the possibility of tissue specificity, altered expression and or mutation of MSH2 during development, the contribution(s) of transcription/TCR, or cells undergoing high rates of recombination as a causes of trinucleotide expansion. Furthermore, while HNPCC patients do not appear to be predisposed to the neurodegenerative diseases associated with expansion of trinucleotide repeat sequences, it should be noted that they are heterozygous carriers, while only homozygous or hemizygous mutation(s) of the mismatch repair genes result in a mismatch repair deficiency.
Mismatch repair in human cells appears to be far more complicated than in bacteria. It is now clear that MSH2 forms at least two heteromeric protein complexes that enhance the specificity of MSH2-dependent mispair recognition (28, 29, 50) . These two complexes have overlapping and redundant mispair binding activities (28) that appear to account for the lack of observed mutations in MSH6 and, by analogy MSH3, in HNPCC. Furthermore, while the binding of MSH2 alone appears to be somewhat lower than MSH2 complexed with either MSH3 or MSH6, its fundamental mispair binding activity appears to completely recapitulate the types of binding observed when it is complexed with either MSH3 or MSH6. The enhancement of mispair binding observed for the MSH2-MSH6 and MSH2-MSH3 protein complexes over MSH2 alone has suggested that MSH3 and MSH6 are 'specificity factors' that increase the stability of the MSH2 mispair binding activity (28) . These observations suggest that MSH2 may provide a model system for mispair binding in the absence of clear knowledge of the appropriate protein specificity partner and that the association of MSH3 and/or MSH6 with MSH2 may broaden the number of mismatch repair proteins (genes) that might contribute to trinucleotide repeat expansion.
Our results suggest that slipped intermediates having an excess of CTG repeats may escape detection more frequently than those with CAG repeats. This asymmetry may indicate that it is the CTG hairpin, rather than the CAG hairpin, which determines trinucleotide instability at neurodegenerative disease loci. These results appear to parallel the observation that certain palindromic sequences can escape repair in yeast and mammalian cells (51, 52) . An alternative possibility is that MSH2 either alone or in a complex form may stabilize or protect slipped-strand CAG loops from repair, thus allowing replication to finalize an expansion. It is also possible that MSH2 binding to the slipped-strand CAG loops exposes the looped-out CTG strand to resolvases. Such asymmetric recognition may account for strand-specific differences in the replication fidelity (8, 53) , inequality in mutation rates between complementary DNA strands (54, 55) and perhaps the polar mutability of trinucleotide repeat tracts observed in vivo (5) (6) (7) (8) .
Finally, our observation that MSH2 binding increases with increasing length of the slipped-strand structure suggests that the role of MSH2 in trinucleotide expansion may become more important with longer repeat tracts. Whether MSH2 or other mismatch repair factors are intimately involved in the biology of trinucleotide expansion clearly requires further study.
MATERIALS AND METHODS
Plasmids and DNA treatments
The DM clones have been described previously (12) (see also Fig.  2) . Isolation, radiolabeling and gel purification were as described (12, 31, 32) . Denaturation and renaturation for reduplexing and heteroduplexing DNAs was by alkali treatment (pH 13) and neutralization (pH 8) with T.E. at 68_C, as described in detail (12) . hMSH2 expression and purification MSH2 protein was expressed in a baculovirus system and purified by a modification of the procedure described by Fishel et al. (28) .
Band-shift assay
Band-shift assays were performed (23,24) using 1.9 pmol/reaction and 2.4 pmol/reaction of gel-purified 32 P-labeled 30×30 or 50×50 DNAs, or 1.4 pmol/reaction of oligonucleotide. DNAs were incubated with 0-970 ng (0-9 pmol) of purified MSH2 (97 ng/µl) in binding buffer [20 mM potassium phosphate (pH 7.5), 50 mM KCl, 0.1 mM dithiothreitol (DTT), 1 mM EDTA, and 23% glycerol], plus 150 pmol of double-stranded poly(dI-dC) (Pharmacia) in 20 µl reactions, and incubated at 25_C for 15 min. Reaction products were separated on a 4% polyacrylamide gel, dried and exposed for autoradiography as described (23, 24) . All quantification was by PhosphorImage analysis using ImageQuant software (Molecular Dynamics) and represent 3-5 experiments.
